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ABSTRACT

EFFECTS OF VARIATIONS IN AJOENT
TEMPERATURE ON CERTAIN MEASURES OP

TRACKING SKULL AND SENSORY SENSITIVITY

OBJECT

S~The present study was designed to obtain informatiLon ragatzdiag-the

effecteso raim from -lop t,-n00 C-m-Saf4jeat
Sineasures of human performance: #kill .in u~sing movemerl an pressure

tracking controls, tactile and kinasthatic sauwitirity,an tczhcibd
| grip. The 2 types of tracking controls have wide military and industrial
SaWlications and the other 3 performances are basic to the operation of

a great number of machine systems.

RESULTS

Kinesthetic sensitivity and pressure tracking were significantly irh-
paired at the low end of the ambient temperature range, while tactile
sensitivity, hand grip and movement tracking showed decrements at both,
ends, impairment being greater at the law than at the high. These re-
lations between ambient temperature and performance weoe dependent

Supon the lengthof exposure totheexperimenta.itemnperatures. The charac-
teristics of recovery following exposure differed among the measures
taken, tactile sensitivity, which was affected after relatively short ex-
posures, recovering very rapidly.

lj CONCLUSIOh•S

Signs of impairment in human performarce may appear when am-

bient temperature varies outside rather narrow limits. Characteristics
It of this impairment differ indifferent types of performance. Different sense

modalities are differentially sensitive to temperature variations in terms of
the durations of exposure necessary to produce signs of impairment ard

ks in terms of the characteristics of their recovery following exposure.

The results have provided information which cau he of value in the
4 design of machines and equipment to maximise the efficiency with which

man-machine systems can function under adverse temperature conditions.
"They have indicated that some control and display systems may he used
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more efficiently than others under extreme temperature cundittons and
have sutgested ways in which different approaches to maintaining ado-
quate levels to temperature, e. g., protective clothing, beating the work
space, locally heating control surfaces, may be tested.

RECOMMENDATIONS

Results of this study suggest 2 maLin recommendations:

1. Information of the kind obtained during the research should
be made available for the! design of methods to minimize the adverse
effects of environmentj :conditions on huma& performance.

2. Further systematic investigations should be conducted to add to
this body of information. Such investigations should be designed to d*-
rermine relations between environmental conditions and performance,
including ranges over which efficient performance can be expected; to
sVtudy the effects of duration of exposure on performanc'i; and to observe
th, characteristics of recovery from exposure. The environmental
variables investigated should include h,•midity. air velocity and radiation
as well as ambient temperature, and parcticular attention should be given
to the, effects of interactions between these variables. The performance
studied should be representative of the wide variety of skills required
of military personnel a"d emphasis should be placed on perceptual as
well as motor aspects of performance.
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EFFECTS OF VARJAT.NC.S iN AMBIENT
TEMdPERATURE ON CERTAIN MEASURES OF
TRACKING SKLL AND SENSORY SENSITIVITY

L INTRODUCTION

One prominent feature in the history of modern military operations
is the increasing dependency of success npon tht efficiency of nam-
machine systems. More and more it has come to be ,recogniszed that
"man' s limitations may set the pace for the efficiercy 'of such systems
and that it is vita' to k]mw the nature of these linvitations. It is now well
known that man-machle comlpinalions oaratae in environmnents cositAising
a numb.r of facto-rs vrhich may seriously affect man•s, pprfo2mancc &A
thus the efficiency of an enmire system. The presenutiesaarch is Mon-
cernea pr.anrlly with one ot t*•se f"ttnZ. tho :etemprature of the ex-
ternal envIromeont.

iformation already aatilable establishes the fact that th efficiency
of performing a- wide variety of skills may be affected adversely by -ex
small changes in ambient temperature above or below the range to wtcch
mnan is accustomed. Such impuirment 04 pertfornu.ne cinstitutei a
particularly serious problem in planning awd executing military oper-
ations under the eme temperature codAions .of the tropics on the
one hand and he sub-arctic on the other. Ehen at temperatures well
within these endreres-the problem may still be a serious one. During
the winter of 1950-51 the United States Forces in Korea had as many as

.6. 000 cold injury casualties (1). k can be expected that the eficiancy
of performing many skills was adversely affected Longbefore the symptoms
of injury appear.

It is certain that information regaraing effects od variations in ea-
vironmental temperatures- on, the performancoe a skills could be puz to
practicaj uses, &A wel as add to our knowledge of human behavior.
Such information could be considered in the design of machi a and
equipmemn so as to maxinize the efficiency with which they can be used
under extreme atmosipheric conditions. It could enter as a Lfactor in
the plannin and execution of military operations. the iuaccess of 'tiszh
depend upon the efficiency of man's performance. It could be importaint
in deciding on metdnis of training and of acclimatizint military per!,inel
for duty in theatres of operation charactertzed by consistently eInrcw
temperatures or by wide fluctm~oaa in temperature.

1Reforred to as "ambiento" temperature.
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It is apparent from research information already available that the
external environment may exert its influences in a number of different
ways. It may affect an individual's capacity to deal mvth the incoming
sensory data upon which performance of a skill depends and it may
interfere with the way in which he responds to these data. The present
study wag designed to obtain information regarding the effects of ambient
temperatures ranging from -100 to + 400 C on five different measures
of hwrnan performance. Two of these involved the measurement of tactile
and kinesthetic sensitivity, sense modalities playing basic roles ih many
of the skills which military personnel are required to perform. The
third was a measure related to good manual dexterity and accurate finger
movements. The last two were measures of skill in using two types of
machine controls, movement and pressure, both of which have wide
military and industrial applications.

There wats s6Vats1 rnsjor questiomn •hieh the research sat out to
answer. What is the ambient temperature range over which efficient
prrformance is rnainatle47 Are difforent measuies of behavior affected
differently? 'What are the effects on performance of increasing-durations
of exposure to a particular ambient temperature ? What are the charac-
teristics of recovery from exposure to different ambient temperatures ?
How is skin temperature related to cmbient temperature and to the various
measures of performance ? The results of the investigation have provided
information which answers these questions, within, of course, the limits
of the research design. In addition several other points have ariben.
However, before discussing any details it will be well to examine the
general background of the present study and to become iamiliar with the
tork of other investigators.

II. THE GENERAL BACKGROUND OF THE PRESENT RESEARCH-

Interest in the offects of atmospheric temperature on man's per-
formance has a long past (5), but systematic research into the nature
of these effects has only a short history. This history began with in-
dustrial field research conducted early in the present century when
relations between iariations in temperature of the work environment
and variations in poriurmance on the job were studied. Distinct seasoir,,°
variations were reported in the output of workers engaged in a number of
tasks requiring different kinds of skills (15, 54, 57). Hourly output wa,
found to decrease as the weather grew warms-. Generally, summer
output was lowest, then spring and autumn output, with winter highest.
In other industries where atmospheric conditions varied from site to
site during all times of the year wide differences in periormance also
were recorded. For example, in a group of collieries (55. 56).
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working capacity could be measured in terms- of rest pauses taken from
work and time to fill the standari tubs and trains. Temperatures in

: the hotest places varied only sligqtly more than ZO F from temperatur es
in the coolest places, yet outptut was calculated to be 41% less in the

* former than in the latter. In other words, working efficiency was only

59% as high in the hot environment as it was in the cold. In another
field study (60), this time concerned with the efficiency of fine linen
weaving, similar trends were found. It was possible to observe vari-
ations in performance as temperature changed with relative -humidity
practically constant. The results showed that productive efficiency

, , improved as temperature increased up to 730 7F, beyond which efficiency
deteriorated. In this instance, even though the machine aspects oa the
process would have benefited from still, higher temperatunesi the effects
of temperature on man's performance were the limriting conditions for-
the overall efficiency of-the system. Thiesoeand-a-nAer of simie-
studiAs called Attntion in avery striki•*-wayieth#-rnortaw, effete
which man's atmospheric environment may have upon the ef. Lency.with
which ho perfo=ms a wiSe variety of industrial skills.

Much more recently, problems of this same general nature havewbeen
the subjects of field investigations carried out in military settilngs.
Marked decreases in the sensitivities of certain sensory systems on ex-
posure to cold have been demonstrated (32) and effects of cold acclima-
tUzation on sensitivity have been studied (31). Deterioration in several
types of skill performance, during exposure to hot environments has been
noted (30, 3). Observers (36) have reported that "psychophysiological
factors seemed to limit endurance...." of task foreos operatlug in arctic
conditions.

These field studies, both industrial and military.' are very sug'geative

of answers to some of the questions in which we are atpresent interested.
However, the field approach has serious disadvantages which research
workers using it have recognised for a long time. The nature of the
field situation frequently do.s not allow for the level of control necessary
to sort out the relative contributions of a number of variable,, any or
all of which may be influencing performance. It is for this gi•neral reason
that research workers are tending to seek their answers more frequently
in the laboratrory than in the field. Problems which were noticu-i fitst
in man's working environment may be examninaii in the laboratory and

possible aolutions fi:Waly tested in the field. The background against
which 'the -pre- Yut research must be viewed consists of information
provided by both field and laboratory studies.. When this info, ration is
examined, eight main problems are readily recognized.
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A. Variations in Temperature Effects

As bas been rinted out already, there is ample evidence to
establish as A fact the observation that the performance e( human skills
may be affected significantly by variations in ambient tempearature.
This evidence also indicates.that temperature effects on performance
vary with different skills. The performance of some skills is extremely
sensitive tt variations in ambient temperatv.e, but other skills may be
only slightly affected, if at all, over fairly wide ranges of temperature.

The majority of research studies have been concerned with
temperature effects on the performance of skills which emphasise some
form of physical work ranging from manual dexterity to moving heavy
loads. These studios (,*g,, 2, 3, 6, 12, 14, 30, 34, 35, 45, 48. 53)
atj ccOvnisttnf in showing that variations in ambient temperature are
asoeClated with dacrnments in performance, bu:l they also suggest that
certain types -f performance may be more sensitive to temperatne
effects than are others. For instanme, in one study (19) exposure to
coid did not alter reaction time to visual stimnul, buttmarkedly diminished
finger dexterity. The work of Gibbs (17), Hunter, Kerr, and Whillans
(U2), Mackworth (32), and other investigators is leading to a better
understanding of these selective temperature effects in torma of the
bodily mechanisms upon which different types of performance depend.

Similar variations in temperature effects have been observed in
studies of performance emphauislng perception and "mental work."
For instance, a study (3) of the effects of heat stress on the performance
of a task involving "anticipatory perception and judgment" reported that
no important effect due to heat level could be observed,. On the other
hand, another study (30) demonstrated a 'significant deterioration in
performance as measured by an increase of errors in a coding task when
the effective temperature was raised to simi)Lar levels.

B. Temperature Effects on Components of a Skill

It is not always the entire performance of a task that deterio-
rates under adverse environmental conditions; particular components
of a skill may be affected first. Recent research (9, 10) has illustrated
what may happen in this regard. When exposed to heat, subjects, who
were required to respond t6 a number of signals spread out in their
visulal fields, tended to miss signals particularly at points well away
from the central task upon which they were concentrating their attnfson.
The investigator has described this as "... a tendency for the field of
awareness to be funnelled toward the centre,.. ," a tendency which
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increased with the length of exposure to heat. Such differential effects
of adverse environmental conditions are of considerable importance in
military operations and deserve much more systematic study than they
have so far received.

C. Temperature Range of Efficient Performance

One of the early field investigations (60) reported that productive
efficiency increased with increasing temperature up to a certain point
beyond which it decreased. Evidence of this kind presen's. uts with the
important problem of determining the optimal ranges in atmospheric
conditions for efficient performance.

The results of early Laboratory studies suggested that, even
within very limilted r1Wsgea of Mtonbi twrniprwtnre charl', workV doýe
and time taken to perform different taoke varied as temporeture varied.
For exa:mple, in one study (39) subjects engaged in heavy lifting tasks
did 15% less work at 750 F than at 6890 F. In -another study (48)-involving
skill in making coitinuous adjustmhents of a control mechanism, accuracy
deteriorated bignificantly with variations of temperature 50 F above or
below the temperature to which the subjects were acclimatized* Evi-
dence of these kinds indicates that, for some types of performance at
least, the optimal temperature range may be very narrow.

A number of studies have demonstrated how the limits of this
optimal performance range may be determined. One of the first experi-
ments (27), designed with the precision required to define such limits
with confidence, was concerned with the effects of heat on the performance
of wireless operators.. Hot and moist atmospheres were shown to im-
pair seriously the accuracy of wireless telegraphy reception. Impair-
ment first appeared when trained and acclimatised subjects were ex -

posed to a temperature of 87. 5" F on the effective temperature scale.
As was the case in this study, the experiments so far reported have.
on the whole, been cesigned to yield information about one end of the
optimal performance range only. To determine the extent of the range
as a whole a research design such as that used in one of the Quarter-
master Climatic Research Laboratory studies (52) has advantages. In
this study the effects of temperatures ranging from 5Q0 to 1000 F on
performance of a visual-motor coordination task were determined.
Graphs of performance showed that the optimimn temperature was
approximately 700 F and that performance -fell off in temperatures higher
and lower than optimum, with cold resulting in more rapid deterioration
of performance than heat.



If our knowledge regarding temperature ranges for optimum
performance is Lo be made more complete and usable, attentiorn must
be given to research of this kind. The impoatance of determining the
templrature ranges over which efficient performance can be expected
is clearly indicated in a report of research carried on at the Armored
i:,sdlcai Research Laboratory (19). 'This report includes the following
statement: "The last temperature (-200 F with zero wind velocity) was
selected because it was considered to be the lowest temperature at
which both the personnel and the vehicular equipment of the Armored
Command would be able to functioA% without the occurrence of serious
breakdowns."

D. Relation of Level of Skill to Temperature Effects

There is evidence that the subject's level of skill at- -task is
related to the effects which variations in ambient temerwaUr may Khar*
upon his performance. Some laboratory studies (27) have indicated that
the accuracy of those subjects moat proflcient in their skills withatood
the deleterious effects of high temperatures more easily than the ac-
curt-y of less skilled subjects. Other studies (30) have reported that,
when the amount of work done is the criterion of efficietcy anid .utpu
is not restricted in some way, it is the performance of the best workers
that deteriorates most. Thiu evidence has been interpreted (30) as in.
dicating that ambient temperature effects are most pronounced when an
individual is performing at full capacity, either by working hard at a
task calling for physica.l effort us- by trying with limited success to
perform a task requiring a high level of skill.

E. Relation of Incentive Levels to Temperature Effects

When exposed to environmental stresses man may still main-
tain his efficiency of performance, at least for a time, by putting more
effort int.p his work. Recently studies (Z8, 46, 47) of the effects of in-
centives rin performance under adverse iz.-nperature conditions have
provided some interesting information in this regard. The results cf
the research showed that differences in temperature produced changes
in accuracy of performance regardless nf the level of incentive. How-
ever, all performance with high incentives was superior to performance
with low incentives, even when the latter were operating under the moat
favorable temperature conditions. One investigator (46) has reported
that the "1... standard of performances with low incentives in this
favorable climate could thus be maintained in the less. 'avorable climates
by an increase in the incentives. '
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F. Acclimatlzation

Considerable attention has been given to the study of phyuiological
changes characteristic of acclimatization in hot and cold climates. Some
of the research reported has implications for the relation acclimatization
may have to temperature effects on performance. In one study (48),
referred to earlier, the investigator reported that his subjects "... per-
formed light @killed task.r most efficiently with a narrow temperature
range similar to that of the seasonal ad diurnal variations in tempera-
tuwe.,.' to which they had become acclimatized. Such observations as
thele suggest that the temperature range for optimum performaace is
not absolute but, rather, varies with the process of acclimatization.

The efficiency of skwled performance depends upon informnation
received by way-of the vafouassas organs. Research-has s-Mw tkt

* ~~varlattome in amiest tsmpentrat-nxa offtet the ash&e
organs, thus influencing perforrnance. S•me of the sense organs involved
in ts multibad# eJ shMUe re-srirg cas=ai d•=rilty "d cooedhaie are
located in the skin of the hands. Field obervatlo•ian .61, U-) IA 4old et-
vironAments have indicated that "... Acclimatized people seem to keep
their skin wnrm. " Pure-bred Eskimos. have warmer [Inger tempera-
ture than white men during the Ii/tial stages of ezpoeure to extreme
cold(36). Differences between ac:lizntiaed &ad aon-acclimaLazed
subjects in tactile seasitivity have been demonstrated in the field (31).
This evidence is stre•_gthened by receat research (33) showing increases
in tactile sensitivity accompanying acclima•izatlon induced.urder con-
troiled conditions in the laboratory.

The importance of nuaflnum efficiency in performance for
military success places a premium on knowledge regarding. acc"lwati-
sation. Information abov methods of maximizing accllmstizafos and
about time required to acclimatz could be useful in planning operations
requiring the shiftang oi troops from one temperature zsne to anothier.

G. Basis of Temperature Effects on Pirformn,,ce

The picture which has beeon painted in the preceding paragraphs
would not be complete without an examination of tho basis upon which
ambient tsmperature exerts its effects cn perforr,=zce. This ba is
need not be a single one; logica&ly tit might involve' peripheral Sensory
or motor changes, central perceptual chtanges. or. some combination of
these. Although the research literature provides evidence of recent
interest in this type of psychophysioiogical problem, relatively little
LnfAomamtln is yet avalale.
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The most e:tensuve attack so far on this general area of problems
has involved both field and laboratory studies (31, 33). It ham demon-
strated that tactile sensitivity, as measured by two-point discrimzntaion,
and vibratory sensitivity decrease as a result of exposure to low temper-
atures, the lower. the temperature the greater the decrease. These re-
sults have been substantiated by other investigators. One attempt (35)
has !)een made to determine whether or not kinesthetic sensitivity is
similarly affected; the negative results obtained may well be attributed
to the method used to measure sensitivity.

The possibility. that changes at a peripheral response level
with variations in temperature may contribute to decrements in per-
formance has received some support. Laboratory tests have shown that
muscle and joint temperatures fall on exposure to low ambient temper-
stwss; It nmiht be rnited that such drops in temperature would im-
pair tUa normal functioning, 4m- ilas and joints and be reflected in the
performance of various skills. Strength of band grip is known to do-
-crease when the hand is cooled (19).. It has also ban shown that the
mauimux speed of flexing the index finger tecresaia sg fignlflc y after
exposure to cold (22). Sp0erIments (22) with the viscosity of synovial
fluids has led to the conclusion that "the characteristics of synovial
fluids are sufficient to account for increaaed force. required to move a
joint, for loses in speed of movement and decrement in maximum strength
exerted on exposure to cold."

Descriptions of human behavior in the tropics and. the sub-arctic
frequently imply that impairment of performance is due to central motiva-
tional and perceptual states. Until very recently this possibility had
stimulated no systematic research. In 1954 reports of experiments on
the restriction of the visual field in hot and humid environments (9, 10)
suggested that exposure to high thermal conditinas ca.'n be associated with
"... a tendency for the field of awareness to be funnelled toward the
center." Although these exprln-n as tell us very little about central
states which may vary with ambient temperature and thus influence
efficiency of purformuace, they do help to point to a general problem
which warrants more attention.

H. Use of Protective Clothing

An obvious answer to what can be done to elitinate the adverse
effects of low ambient temperatures is to use protective clothing. Like
many apparently simple answers to complex quest!naz this answer is
not as satisfactory as it may at first seem to be. For instance.



investigators at the Armored Medi%:al Research Laboratory (19) reported
that "the beat glove combinations now available.., are not capable of
either keeping the hands warm or maintaining their functional effIciency."
Research (6) also hat shown that the efficiency of such performances as
radar tracking, changing frequency and resuming voice transmission
using standard radio equipment, and the manual operations in completing
a call through a standard ofritchbbard, all are lower with protective
clothing than without. The protective clothing may interfere with the
input of sensory information or with the responses required to perform
a skill efficiently.

Research results now available suggest that the use of prot ictive
clothing. may impair. thp performance of certain types of skills, b't-may
not affect Qthers (13, 16, 51). Different types nf clothing, e.g., mittens
and gloves, may give dl&fsrenramount of -impairment and these differ=
encew mnay- show 'ip at Ony e'renely low trnpwu"uew (11). iPwrtiu-
larly useful are rene'rch resmlts which indicate the efficiency of practicing
while clothed in protective equipmem any sidls that may eventually have
to be carried out under adverse temnperaturo conditions (18k,

Exaznination of research of this kind suqgests two general points
worthy of re-emphasis. First, information regarding the nature of
temperature effects on performance may-be of considerable value in the
designing and testing of protective clothing. Secondly, at least until
further developments have been made, it is not safe to depend upon pro-
tective clothing as a completely adequate solution to the problem of
maintaining efficient performance under adverse temperature cz•uditios.
For those particularly concerned, much practical information h" been
assembled in a handbook on "Physiology of Heat Regulation and the
Science of Clothing" (35).

These are tho problems with which the present research is
concerned. With the general background in mind we can now proceed
to ex-inne its design and results.

m. RESEARCH DESW- N AND PROCEDURE

A. Research Deslan

The main features of the research design are shown in
Tablet 1. It required twelve groups of subjects, six groups using
movement controls for tracking and six, pressure controls - the
"IM" and "P" groups, respectively. For each of the hi groups,
which were exposed to diferent temperatures during Phase 4, the
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experimental series, there was a corn isponding P group. With the ex-
ception of theme two variables, ambient temrnerature and type of track-
ing control, all subjects in all group. received identical treatments
throughout the experiment. This means that, except for track'ing, there
are in effect mix groups, each of 12 subjects, for the assessment of
jperformance under the six different temperature conditions.

TABLE 1

RESEARCH DES IGN

Group 1 2 3 4 5
SGenerasl Preliminary Control Experimental Recovery

N TiInstructions Traininq St- r ies Series +400 Series
M2 +10OitM3 .... 2+O•
94 -10

Pit t4. O

P1 .. 110•
PS 0:
P ..- 10

4'M' qroups usted movement controls d'prlnq tracking; P* groups used
pae,,ure controls. .

The ambient temperatures of the experimental series for the
mix groups in each of the MC and P series ranged from -0l to + 40o C
in steps of 100 C, This range was selected for two main reasons.
First, the researchwas designed to provide several kinds of information,
one being the temperature range for maximum performance of the be-
havior measured. This required tOat the range be wide enough to allow
for impairment of performance at both the hot and cold ands, if, indeed,
snbch vnxiationa in temperature were associated with Lmpairment of the
bohavior studied. Second, it was considered important that the extreme
temperatures should not be such as to cause symptoms of heat pros-
tratint, frostbite, shivering or pain, whirt would only have complicated
iater interpretation of the results. Previous research suggested that
the -.rtnge chosen should serve both these purposes.

Five dependznt variables were Lz. -asured: Kinesthetic and
ta.:.rJe seneitivity, hand grip, tracking skill, and skin temperature.
During Phases 3, 3, 4, and 5 -_A th' research design these various
porformances were always measured in thf order shown in Table 2.
'One sach serip.s of measurerrgpm-ev will be t--'erred to as a "cycle."
2reiui .- • sLd.a; consisted of fcaux cycles and the control, experi-
mnzient --.- : 2.- ,;-very series of one, foin, -.nd two cycles, respectively.
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TAWL 2

OtWM IN WHICH RRFCIMRNCLS IASUKF - OM 'CYCIL

1 2 3 4 S 6 7

Skin Kinsthetic Tactile HOnd Skin. Tracking Skin
Temperature Sensitivity Sensitlvity Grip Temperature skill: Tesperature

'P
t 

or 'P'

Although the research design was not a complicated one, sue.
cans in carrying it out depended upon the satisfactory use of a number
of techniques for control and measurement. The sections which follow
are devoted to consideration of the essentialfeatures of these tech.dques.

B. Subjects

The 7Z subject* participating- in -the main -sperimea-were
ealIsted man In the UnttedlStams Army. All bht Shad snared th.-
service only shortly before serving as subjects. Table 3 gives infor-
mation regarding their ages, heights, "M weights. Ninety-four per
cent of thmn were right-handed * Throughout-the experiment.the subjects
performed all tasks using their preferred hands.

TAKE 'I

vEnIr'rzV DATA R-GAPDU S•BJ••;1

Chronoloqical Age 21.64 3.45
.Height (in inches) S9.65 2.76

Weight (in lbh.) 159.30 24.14

Subjects were selected from groups of volhnteers reporting
daily to the laboratory. For technical reaons,, which will be apparent
later, only 2 subjects could be put through the procedure during any
one day. The 7Z subjects were divided equally among the 12 groups
required by .. it research design. They were assigned to particular
groups puraiv- on the basis of what experimental conditions had been set
up in the iai.Rgry for the day on which they reported for wr -k. This
could not be ijcaraidered a random assignment and, since the research:
design required equated groups if inter-group comparisons were to be
made, it was essential to determine whether or not significant differ-
en'zes in pre-experimental levels of performance existed among the
various groups. Table 4 summarizes the results of an analysis of
variance carried out to clarify this important point, using measures
recorded during the control series as indicative of pre-experimental
levels of performance. It will be seen that no significant differences
did appear and, therefore, inter-group comparis'tns are justified.

11



TABLE 4
ANALYSIS Or VARIANCE Or PERFCRMA)"E DIWAN CKTCL TRIALS

df 5% Point for
KAlas t h.7 - qtyrror L -of F

Knwsthwtio . Conmt. Error 0,27 S,.6 2.30
Tactile 1. 9 5$to 2.36Hand Grip 1.03 s,66 2.36Tricking -p eemont 1.02 5430 2.53

Tracking - Press,-re 0.84 5.30 2.53

C. Controlling and Varying Atmospherio Conditions

The research design required means of controlling and varying
systematically the external environmental conditions in which perfor-
mance was Masuured, as well as techniques for measuring performance.

Environmental condition primarily affecting body tmienpratun
anrer the tsniporature, humidity and speed of movement of the air, and
radiation from surrounding surfaces in the envirenment. The present
research was conducted in three laboratory rooms where these con-
ditions could be controlled within semal limits of variability. Table 5
sumrnamrises measures of temperature and relative humidity taken sys-
tematically during each day's research. Measures of relative humidity
were obtained in the customary way with a sling hygrometer, tlhe dry
"and wet bulb temperatures being converted to relative humidity using
tables provided by Bedford (4). Velocity of the air was zero during all
research periods. The best that could be done in controlling radiation
was to keep the surrounding surfaces in the environment constant
throughout experimentation in each of the three rooms.

TAME 5
APBIENT TE1NPATUPI¶ AND RELATIVE HUMINDITI75

Control Room Expernental Room
Teuperaturo R eol. Humidity X TRsprature C R. Humidity U

Group Mon. S.D. Mean S.D. Moa. S.D. Mono S.D.
Ml + P1 +24.38 0.33 7.46 +39,54 0.33 29.94 1.63
M2 + Pt +24.61 O. o 56. 5.96 +29.54 0.20 32.80 1.90
W3 + P3 +23.40 1.26 5748 0.97 +19.50 0.71 47.28 3.69
04 + -4 +22.28 1.10 55.84 7.01 +10.0-
N5 + PS +22.72 1.20 54.89 5.10 0.00
MO I PS +22.57 1.15 55.85 5.13 *10.00 •

Two of the rooms were provided with temperature controls,
one for the low and the other for high temperatures. E&6;ert technicians
were responsible for achieving and maintaining the temperatures re -
quired on particular days. Control of humidity, which is particularly
important at high temperatures, was possible in the hot room within
limits imposed by the temperature. The extent of humidity controls
is shown in Table 5.
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Research workers have frequently found it useful to express
the warmth of the environment in terms of "effective temperature" -(4).
This measure takes into account the temperature, humidity and rate of
movement of the air. Table 6 presoents a comparison between the mean
dry-bulb and effective temperatures in which tht first three groups of
the research design performed. It will be seen that effective temperature
is consistently lower than dry bulb temperature. For the control room
the differences are of approamately equal magnitudes and srmnl in a1l
instances. The differ Naces are greater fow the experimental room,
but they decrease sy& -.anatically as temperature decreases and dis-
appear entirely at the lower experimental tempersaures not included in
the table* Dry bulb temperatures will be used throughout the present
paper in reporting relations between ambient temperature and other
variables, To use effective temperatures would only condense slightlyS.the high-tempentfe -eat 4-ofthe ee-reia~tio-•wouldnotaJttr tfaW

Mgeneal form. TI ,S Secnrxwtnnnr

Dry bulb Effective .
T~aevqure C Tmren~rwtr-r !c

2Mam + jr1 E4per Ls tl £•,u.a4 kaulaa44
M t + 24.51 19.54 21.11 23.44
W2 + P2 24.61 29.U 21.11 23.35
M3 + P3 23.46 11.50 -20.54 16.67
D interutad = tihebaica souys as decarihed by Bedford (4)

An inter- communic atloa system connected the control and ex-
perimental rooms with another room in which measures of skin temper-
atire were recorded. Through this system the experimenters dealing

* directly with the subjects reported the start and completion of each
measurement of performance and any observatiUos of the subjects'

* lgeneral behavior which might be of interest in the later interpretation
of results. Such information was essential, particularly for the
determination of the temporal distributions of measurements, during
the control, experimental and recovery series.

D. 'Measuring Performance

The following paragraphs describe the apparatus and techniques
uised in measuring the five main dependent variables.

I. Tactile sensitivity

Tactile sensitivity was me&Lured using Mackworth's
"V-Test" (31). shown in Figure 1. Results from the use of this appa-
ratus have been shown to correlate highly with results obtulned from

13



other methods of measuring tactile sensitivity, including use of the
classical two-point aesthesiometer (2). Mackworth's apparatus has
advantages for studies of the present kind, particularly as it mninimises
changes in skit, temperature due to contacts with wa.rrmer or cooler
surfaces during testing. The main feature of the apparatus were two
sheets of plastic 232 mm long separated by a wooden wedge in such a
way that the gap between them ranged from zero at one end to 13 mm
at the other. Two rubber knob. were provided for moving the apparatus
during test periods. Scribed on the sidec of the plastic sheet were lines
at intervals of 13 mm.

Fig. 1. Mackworth's "V-test" for measuring tactile sensitivity.
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The subject was blindfolded during each test series. As
shown in Figure 2 he was seated at a wooden table opposite the experi-
mentLr, the forearm of his preferred hand resting on the table top and
the iudex finger of the hand extended. The experimenter moved the appa-
ratus until one of the scribedmarkewas under the center of the finger tip.
On instruction "now" the subject lowered his finger gently until it_ touched
the top edge of the plastic sheets. H, reported immediately whether or
not he could detect the presence of a gap by haying "yes" or "no."
Threshold deturminatioas were made during each cycle of measurements
usming the psychophysical method of limits. Three descending asd 3 as-
cending series were used, the gap size being varied by moving the a"la-
ratus under the subject's finger as required, Frequent "catch tests" were
inserted to guard againat any extranseous cues which night have influ-
enced a subject's reports. The measure of sensitivity for any one cycle
was taken as the mean of the 6 threshold determinations.

Fig. 2. Measuring tactule sensitivity.
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A. Kinesthetic Sensitivity

The apparatus used in measuring kinesthetic sensitivity

was developed at the University of Rochester (50) and is shown in Figure
3. It consisted of a horizontal metal shaft supported in metsl bearings
embe(4ded in Z walls of a-black wooden box. Fastened to the subject's
end of the shaft was a black plastic knob and at the experimenter's end,
a plastic pointer along the center of which a thin line was etched. As
the knob was turned this pointer moved over the surface of a 1800 pro-
tractor scale, thus providing a meane of measuring the angular extent
of the movement. Internal mechanical stops.were fitted to limit this to
the 1600, 800 to either side of the vertical position. A felt brake pro-
vided just enough friction to maintain the setting when rotation of the
knob had ceased. The rotating system moved easily with little inertia
and was free from "rough spots" which might have pruvided, local ,lu•a.

-J
ILI.

Fig. 3. Rochester apparatus for measuring kinesthetic sensitivity.
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The subject was seated, blindfolded at the wooden table,
the forearm of his preferred hand resting on an rsrn rest as shown in
Figure 4. The experimenter set the pointer on his side of the shaft at
700 of the vertical position to the subjoct's right. The subject then
graspod the knob lightly with the fingers of his preferred hand arid ro-
tated it in the following way: fftst, to the rightuntil the otup was reached,
then through 1600 to the left stop, thirdly, by a return rotation 1600 to
the right, and finally to a setting which bisected thn lare angle. The
fir-st slight turn was to get the subject to a definite e:*arflha point; the
second atA third turns were to allow-him to sample the agle, to get
the "feel" of it; and the fourth turn indicated the accuracy with which
he could make judgments based on the cues provided by the preced•ig
rntations. Ten such judgrnntt were obtained during each cycle of
meaauremsnts, the angular distance between the subject's setting and
the vertical position. serviog as the menoue of accuracy.

Tig. 4. Measuring Khnwutbetic seasittvitr
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3. Hand Grip

Strength of the hand grip was measured in the conventional
manner using a dynamometer calibrated in kilograms. The blindfold
was removed and the subject remained seated. The dynamometer was

held in the preferred hand, the arm hanging naturally at full length by
the subject's side. On the instruction "now" the subject squeezed the
dynamometer as hard as he could without changing his position. The
experimenter then recorded the results of the trial and had re-set the
pointer on the dynamometer scale. Two such trials were given during
each cycle of measurements.

4, Tracking Skill

The apparatus used for _measuring skill in~both freeo
movement and pressure tracking. is shon in Figre S. In thin- picture
the wooden cabinet has been removed to show the essential mechanIsms.
Because of difficultiss mapau4tstd by Omker res-arch workers acing
elictronic systems under conditions of widely varying ambient tq mnler-
atures the present apparatus was based upon mechanical principles.
Movement of the tracking stylus on the moving-paper polygraph was
controlled by a control column terminated by a spherical brass knob.
The relation between the displacement of the control and the amount of

excursion of the stylus could be varied by changing the pivoting point
of the arm supporting the stylus. For movement tratacking the pivot was
close, 5. 0 inches, to the stylus, thus requiring a movement of one inch
for maximum excursion of ths stylus from its-central positi•o. For

pressure tracking the pivot was moved to a position 9. 3 inches from
the stylus and a standard friction applied to the control column. Under
these conditions a f4,,I1 excursion of the stylus from its control position
required a displacement of the control column of only 0. 20 inch and
the rate of moving the stylus depended upon the amount of pressure
exerted against the column.

The track to be followed was traced on the moving paper

by a stylus operated by a cawr fromea small electric motor. Whenever
the motor was running the target stylus moved repeatedly through a

ZThis apparatus was constructed in the workshop of the Department of

Psychology, University College, London. It was based upon the sug-
gestions from Dr. N. H. Mackworth and Mr. C. B. Gibbs of the M. R. C.
Applied Psychology Unit, Cambridge, England.
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Fig. 5. Appatus for recording tracking skill.

series of identical cycles, each of the cycles being 13. 70 T 0. 89 seconds
in duration. Both the tracking and target styli were fitted with soft
colored leads pressed against the paper by Adjustable springs. The
track w&s in red and the subject's performance in blue, thus providing
immediate knowledge of results and facilitating later analysis of errors.
The experimenter's controls for various compont-4s of the app~ratns
were mounted in a single control box. Time was indicated by an electric
clock wired into the control box.

A standard procedure was worked'out for checking and
calibrating the apparatus before each phase of each days' research be-
gsai. Careful checking of the operation of each component part of the
apparatus proved very valuable in that no serious breakdowns occurred
during the entire experiment even though the apparatus received heavy
usage under widely varying conditions-, Two main features characterixet
the calibration procedure. It was vczsri&l for the Later interpretation
of results that the tracking problem remained the same under all experi-
mental conditions. This meant that the duration and peak ampltude of
each cycle of the track which the subject was required ^o follow had to
be constant. Measurements of duration &ad peak amplitude were taken
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before each trial and adjustments made in the apparatus whenevernecessary. Product-moment correlations between the durations ofoff and even cycles for a random sample of tracking trials gave a meancorrelation of +0. 97, which indicates how successful thWs calibrationprocedure was. Peak amplitudes did not vary throughout the experi.ment. The second feature of the calibration procedure involved adjust.monts to the friction on the control column before each period oipressure tracking to ensure that the amount of pressure required todisplace the trac Ing stylus was maintained at approximately one pound.
After the apparatus was che'nhed and calibrated the sub oct

was seated ona stool infrontof the control column as shown in Figure 6.

Fi.6. R*etordift tracking. skill
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This stool was adjustable so that the subject's forearm was approxi-
mately horisontal when operating the control. The brass knob at the

* top of the column was grasped oy the fingers of the preferred hand.
The preferred hand was always used, although there is evidence (49)

* that accuracy in tracking with the non-preferred hand Is not signifi-
can.ly different from accuracy with the preferred hand in right and
left-handed groups. Two knobs were available, one for use ia the
control room and the other in the experimental room, The latter was
kept in the experimental room at a) t•iws. During preliminary train-
ing tracking periods were 10 minutes in length and during the other
phases of the experiment, 5 mintes.

It was necessary to select one of swreral possible scoring
techniques for analysing the tracking records aod they were obtcaned.
The decision-was beased -upon anafles-of-dal-obtai"d duri -a prelitui

-r ~ Ia wvy .uwriwww rw~plwte b'PF" Vvtl miw wri b'u'gs. Pre.
*rous esperieme had indicted that the final results of appWytag severSI
diferent techai4nn correlate4 highly. Tnr. are, of course, ayva.ages

Inusing &0e simpest-teChaique Which-proWduts reliable euk-
provides the desired inforvatios. For purposes of the present study
it was decided to use a cumulative score cd the errors in rneckin, the
subject's dios&nce off the target in millimeters, measured at regular
intervals of o-e second. App))cation of this measure to data from the
preLiminary experiment sugested that it might be possible to simplify
the technueM sUtll furter-bry measuring the records ot performane
during part rather than all of a tracking trial. This required an answer
to the question., How closely do various pan scores cowrelae with whole
scores? The tracking records for all subjects in the preliminar asperi-
meat were scored in successive groups of S target cycles each and rank
order correlations between scores for each. of thee groups and. scores
for the whole trial determiond. The correlatsLa betaeen &core for
the first 10 target cycles and scores for the whol trial was found to be
0. 84; scoring fewer target -cycles seriously reduced the correlation
and scoring more increased it very slowly. Therefore, it was decided
to define tracking error score as the sum of the distances off target
measured at regular intervals of one second during the first 10 target
cycles of a trial.

S. Shia Temperature

The method of measuring skin temperature was de-
cid"e upon after preliminary trials in which a number of location
for the taermocouples were tried. Copper-coestauan thermocoupl*s

t
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were used. They were led into the various channels of a 16-position
Brown Potentiometer. 3 Skin temperature data were needed primarily
for the finger tips of the preferred hand, the hand used in all the
measures of performance taken, but similar data wore also recorded
for ? control locations. One of these was the finger tips of the non-
preferred hand, which was exposed to the experimental atmospheric
conditions but not involved in the movements and contacts with surfaces
as were the fingers of the preferred hand. The other control location,
a thermocouple on the dorsal or posterior and one on the ventral or
anterior surface of the forearm, provided information as to the effects
of the atmospheric conditions on the skin temperature of a part of the
limb covered by protective clothing.

Leads from these thermocouple. entered the input of the
Brown Potentiometer, wtich was lacated in a separate laboratory.room.
The potentiometer cycled autonatically through ths various inputs ad
recorded the temperature of each on a m ,ving-paper polygraph. The
temperature could be read from these resordf with t-s eW of a properly
calibrated template. One input position was reserved for the lead from
a thermocouple immersed in a vacuum flask containing slowly melting
ice, thus providing a calibration point for each record,

The thermocouples to the forearm positions were mounted
in plastic mesh screens and were hold in position approximately half
way between the hand and the elbow by broad elstic bands secured at
2 points with adhesive tape. Since the finger tips of thepreferred hand
were used in all the various performances measured, thermocouplos
could not be fastened to them for the duration of the research session.

anstead the leads from each thermocouple were pinned to the subject's
sleeves, one to each sleeve. This left 'the thermocouple free to be
grasped between the thumb and forefinger when skin temperature measure-
ments were needed. The position of the subject during these measure-
ments is shown in Figure 7. The potentiometer was allowed to cycle
through its various positions for as long as we necessary to obtain
stable recordings of finger tip temperatures. This usually required
from 2 to 3 minutes.

Operation of the potentiometer was a full-time responsi-
bility for one experimenter. He kept contact through the Jntercommuni-
cation system with each of the two experimenters who were measuring'

3 Brown "ElectrorAk" Potentiometer, Minneapolis-Honeywell Reg. Co.,

Brown Instruments Diviision, Philadelphia, Pa.
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Fig. 7. Racording skin temperatures.

the various performances. This enabled him to mark. on the potenti
eiotor tapo-when each teat begat and endod fow each subject. This
iniormation was necessary in order to relate each measure of per-
formanco with the skin temperatures at the time it was. ecorded.

Because skin temperature is affected by muscular activity
and by contacts with objects in the environmeat, the subjects were in-
structed to use their hands only in carrying out the various tasks as-
signed to them. At other tignes they sat or stood with their hands im-
mobile'and away from any object in the environment, including their
own clothing.

Althougb the reading of the polygraph records was a rela-
tively simple task, it seemed advisable to check on the accuracy with
which it was in fact carried ail. Two of the investigators iavolved in
the research read independently al the temperature recordings for the
12 subjects in the groups exposed to 4400 C. There were 1008 individual
readings for each investigator and there was an overall agr~ernent in
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92% of these readings. In only one came, where the difference was
0. 500, did the investigators di4agree by more than an amount which
involved estimations within the calibration of the template used in the
readings, i.e., 0.250.

E. Procedure

The procedure can best be described by reference to the
various phases of the research design as set down in Table I. Only
two subjects were put through the procedure on any one day. Research
began a about 8:30 a. m., and continued until approximately 3:30 p. m.,
with a mid-day interval of about an hour and half. All equipment and
apparatus was checked and calibrated before the day's research began.
The subjects were first taken to the control room in the laboratory,
where the preliminary training, and the contro and recovery series
were to be carried out. HarO th•e -w-w g &wen eralltntlou. re-
garding the background of the research waA what would be eapeced of
them, Since their achdjae was to be a long one and since the level of
their motivation was an important faectr, every efforr was made tO gain
good rapport and to clarify the general procedure. There were a number
of factors favoring an interested participation in the resesrch. The
day's work was a break in the subjects' routines; it relieved them of
otAer, more arduous duties; and it kept them in the laboratory where,
e:tcept for the experimental phase of the study, temperature conditions
were much more favorable than those outside the laboratory. The
subjects' performance of the various tasks, the questions they asked
and their spontaneous roque'ta to participate as subjects in further
research indicated that this- initial period of contact with them was well
worth the time and care pi~t into it.

1. Generza Instructions

After rapport had been established general instructions
were given regarding the nature of the day's schedule. This included
descriptions of the steps involved in the procedure and instructions re-
garding special arrangements, such as transportation and messing. it
also included specific instructions regarding the tasks which the subjects
would be canled on to perform.

2. Preliminary Training

Preliminary training then began. With the exception of
skin temperature measurements the procedure followed was exactly
the same as that employed during the control, experimental and recovery
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series. The 2 subjects were separated by screens. One began work
on the sensitivity measurements, whUe the other received detailed
instructions regarding the tracking task but did not arctually practice it.
When the first subject completed the kinesthetic, tactile and hand grip
tasks he was moved to the tracking task and the second subject began
the cycle. This alternation of subjecto continued until teach had com-
pleted the cycle 4 times. The importance of this prelominary tralning

as a mesas of controlling practice effects on later performance is dim-
cussed in one of the following sections of this report.

The, basic dress for all subjects wsthe iftigue issue
clothingt. In order to control rany effects which ths, parkas, to be wporn.
by groups 4, 5, and 6 during the experimental series. might have in
restricting arm movernernts, these grou~ps wore parkas thoangbout thke
cntire research imoss~a

After po tiavtraining thea sobjetter .=a
opportunity to ask questions regarding any aspect of the procedure.
The schadtes for the afternoon was discussed and they were then seat
to rMess.

3. Control Series

The subjects were allowed to rest for a short time after
mess. During this period all equipment and apparatus were re-chocked
and re-calibrated. The schedule for the afternoon was then reviewed
with the subjects; thernocouples were attached; and the subjects dressed
in accoraunce vith requirements of the expertmer.zal group to which
they belonged. Subjects in the +o0 0, +30°, sad 4400 C groups wore
cotton underwear under fhaigue clothing, with cotton socks; and Army
issue shoos on their feet. Those in the 3 low temperature troups were
dressed in arctic clothing consisting of the following: woolen underwear,
woolen shirt, woolen padded trousers, and parka. Their feet were pro-
tected by woolen socks, felt liners sad mukluk boots. With the hood
over the head, the only exposed parts of the b-idy were the face and the
hands. The 11ct thAt no subject reported shivering or feeling cold ex-
cept in the hands indicated thas this way of dressing adequately served
its protective function. After this preparation the subjects wnr* put
through one cycle of measurements as shown in Table 7. The nmean
tims for comple ling this series was 15 minutes.

Each piece of apparatus was nmoved to the cold- or hot-
room as soon as the second subject had rompleted his trials on it.
Thus experunenters were prepared to begin the experireasal sernei
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TABLE 7
DURATIONS or CYCLES W PEMORMAtCE DUR ING CONTROL,

EXPF IIENTAL AND RECOVERY RIASZM - COMBINED IMWP M A10 P
Time at**

Meann Cumulatiue" Phame
phase._,yele Duration Duration Temp.ercure

.Control 8 1 7 1
T -1 15 i5

Move to experimental room 10
£uperimernal S 1 1

T 1 11 19
Move sub jcts 4 23

7 2 7 30
T 7 . 7 37

Move subjot 3 40
r!,3 7 47
T - 3 7 $4

Move oublocta 4 $1
a.4 7 .5
T - 4 6 73•3

169' to recovery room 6

T - 1i 16
move subec ts 4 22

2 1' 7 2i
T -2 7 36 39

'A cycle conslats of one pair of senhitlvity (*S') od tracking
(T' I Mosureomnts,

@!Reported to the nearest minute.

of tests with a minimum of delay between each subject's completion of
the control series and his first cycle in the experimental series. This
delay averaged 10 minutes.

4. Experimental Series

The experimental series consisted of 4 cycles of measure-
ments carried out under the temperature conditions required by the re-
search design, Apparatus and subjects were moved to the control room
so as to minimize the delay between measurements of the experimental
and recovery series. This delay averaged 6 minutes fox all groups.

5, Recovery Series

Two cycles of measurements were carried out during the

recovery serias, the order of measurements being the same as that
previously followed. After completion of this series the condition of
the thermocouples was checked and the subjects dismissed. All equip-
ment and apparatus was stowed in readiness for the next day's research,

Z6



F. Checks. n the Methods of Measurement

There are certain checks which are important in any attempt
at objective measurement. Manv of the previous studies to which the
present research is related d'id not report such checks and, consequently,
the Interpretations of their results are not as unambiguous as they might
have been. Before reporting results of the present study, it seeems
important to give some answers to the following two questions: How
reliable were the various measttring scales ? How were they influenced
by practice effects?

I. Reliabilities of Moasuring Scales

Each measuring scale was applied a sufficient nu.mber of
times during each cycle to allow, for the calculatiorn of correlations be-
tween oddand nvon niaa~eaeni, Table a shows the magnitudes of
these correlations, determined by the product moment method. The
correlations would be higher if corrected to take into consideration the
full lengths of the measureu employed. The very consistent trends in
the results obtained when the various measures were applied can also
be taken as evidence that the measures served their purposes in a
satisfactory manner.

TALE 8
RELIADILITIES' OF hASLMINO SCALES

Scale r
Tactile 0.7i
KIMn th•t ic 0.83
Hod Grip 0.93
Mbvemnt Trackinq 0.32
Prebeur. Trackinq 0.9s

'Product aement correlatior-e bhtoeen odd ad even
"eahurements - control trjao.,

2. Practice Effects

The results of any research in which the same meassres
of behavior are applied to a subject on several different occasions may
be affected significantly by practice. Such serial effects may be elim-
inated by giving each subject preliminary training to the point where
no further improvement in performance occurs. This precaution was
incorporated into the present research design.

Previous investigators have shown that considerable im-
provement with practice occurFs in tracking skills. Therefore, a pre-
liminary experiment was conducted to determine how much practice
was necessary to reach a constant level of performance on the tracking
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skills studied in the prevent research. Thirty-one subjects were selectedin the $@me way as those serving inthe main experiment. Fifteen of thesepracticed movement trackirng and 16, pressure tracking, in an air-conditionedroom with a meandry bulb temperature of 27. SO C. Each subject wagw givena series o(f0-minute practice sea ssons, the sessions separated by iD-minuterest periods. The effects ofpractice are shown by Curves 3 and 4 in Figure8.
EFFECTS OF PRACTICE: TRACKING PERFORMANCE

288I

too 4~~~-4 *PRUMI*U R IE.M

Ito

140

1200

40-

30"

o0

lO

0 a 3 5 6 CONTROL
TRIAL.

Fig. 8. Effects of practice on trac.uing performance.
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It will be seen that improvement occurred rapidly and a consistent leve,
of performance was reached for both movement and pressure tracking
within 4 practice sessions. The duration of the preliminary training
period for the main experiment was determined on the basis of these
results.

Checks were made on the efficiency with which preliminary
training during the main experiment served its purpose. Curves 1 and 2
in Figure 8 show the effects of practice on movement and pressure track-
ing and Curves 1. Z, and 3 in Figure 9 for the effects of. practice on
measures of tactile and kinesthetic sensitivity and of hand grip. These
curves indicate that consistent levels of performance had been reached
before the experimental series of measuremeuts was taken.

EFFECTS OF PRACTICE: TACTILE, KINESTHETIC AND
HAND GRIP PERFORMANCE

9• - TACTILE

d. W 3-3 HAND GRIP
I.- U1* 0
Q z 1 3

2-0 17-0 50"0

1'9 16-0 49-0
1,18 15-0 48,0 -
I' 14-0 47-0 -

1[6 13-0 46'0 -

I1 '5 12-0 45'0 '

3-4 110 44-0 -
1"3 10"0 43,0 .

[2 9"0 42-0

I'1 8-0 41-0

1-0 7-0 40"0

I 2 3 4 CONTROL

TRIAL

Fig. 9. Effects of practice on tactile, kinesthetic and hand grip performance.
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I.

I.

Ii
IV. RESULTS

the results art su•nnarized below under several different headings.
Most of the analysis has been based upon diste ibution-free statistics.
When statements are made regarding significances of differences or
trends, 'usignificance" It defined in terms of the 5% level of confidence.

A. Relations between Performance and Ambient Temperature

Foisr cuirves are plottod in each of Figures 10, 11, 12, 13, 14.
and 15. They represent the mean performances of the various groups

KINESTHETIC SENSITIVITY-
AVERAGE ERROR

18e t- t SHOREStI EXPOSURE
2-2

4 3-3 4
6 - 44-4 LONGEST EXPOSURE

14

13

[333

4 - 4

S9

7

6

-10 0 +10 +20 +30 +40

TEMP C

Fig. 10. Kinesthetic sensitivity (average error) as a function of ambient

temperature and duration
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KINESTHETIC SENSITIVITY-

CONSTANT ERROR
16 I-I SHORTEST EXPOSURE

15 4 2-2
3-3

4 4-K4 LONGEST EXPOSURE

13 w

1z \0

9
z 334. 4

5
• ,I I I1 I I

"-10 0 +10 +20- +30 +40

TEMP OC

Fig. 11. Kiresthetic sensitivity (conhtamt error) aS a function of
ambient temperature and duration of exposure.
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TACTILE SENSITIVITY

1475 1 -1 SHORTEST EXPOSURE

1 70 2-23--3 I
1'65 4-4 LONGEST EXPOSURE

1.60

1"55 -

S1.50.

1-45

w 1-40

I 1.35 2

z. 1.30"-

1"25 -

I~w

1.15 i

1.10 I3

1 .0 5 -
1-00 -10 0 +10 120 +30 +40

TEMP. OC

Fig. 12. Tactile sensitivity at a function of ambient temperature and
duration of exposure.
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STRENGTH OF HAND GRIP
53

52-

Sl-£

L.50

S40

o 45

47 44

~44
X 43-

34 / i.-4 SHORTEST EXPOSURE
42 2---t

41 #4 LONSEST EXPOSURE

40- 4
t ~I III ... .

0 -10 0 +1l0 +90 +30 +40

TEMP OC

Fig. 13. Strengt of hand grip ao a function of ambient temperature

and duration of exposure.
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MOVEMENT TRACKING
190-
I10S

4
100 1I-I SHORTEST EXPOSURE

90 *-,

50 3-33 4-4 LONG@EST EXPOSURE
"So-

700

0

I0-

10

-I0 0 +10 +90 +30 +40
TEMP *0

Fig. 14. Movement tracking performance as a function of ambient
temperature and duration of exposure.
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120 PRESSURE TRACKING

Ito I-1 SHORTEST EXPOSURE!100 2-too 4 --

90- 4-4 LONGEST EXPOSURE

s7o0o.

150 2o
4-70-

30

20

I0
0 - 1 I I ,,

-o0 0 +10 +20 +30 +40
TEMP. 0O

Fig. IS. Prebsure track•ng performance as a i•uction of ambient
temperature and duration of exposure.
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at differcnt durations of exposure to their respective experimental
temperatures, ranging from 1, the shorteu+ exposure, to 4, the longest.
The actual durations of these exposures, given in minutes, are showu
in Table 7. The temperatures on the abscissa are in terms of dry-bulb
measurements. Inspection of these curves reveal. certain systematic
relations between plrformance and temperature. For example, Curves
I and 2 in Figures 10 and 11 suggest that the range of temperature to
which the subjects were exposed had littla or no systematic effect on
kinesthetic sensitivity where the expoh'kre was of short duration.
Curve 3 shows the beginning of a decremevt in performance at the
low end of the scale, but still a relation between temperature and
iensitivity is not clearly apparent. The relation becomes obvious in
Curve 4 where decreasing temperature appears to be highly and positively
related to decreasing sensitivity. £xaminattons of Figures 1U, IS. 14,
and IS s•vest that significant relations ala existed bitwea, temimnr Ftnr

and the other performances measurad in the present study, £ new points
arising which arc worthy of particular attention. First, a systematic
temperature effect appears to occur with shorter durations ofa earpoure
in the cases of tactile sensitivity, and the 2 measures of tracking. than
In ithe other performance;. Second, there is a suggestion in Figures
12, 13, and 14 that the relation between temperature and performance
may be curvilinear, decrements occurring at both the cold and hot ends
of the temperature scale.

These observations, based on inspection of the curves relating
tempflrature and performance, were examined by statistical analyses
of the experimental data and the results are reported in Tables 9. 10,
and .1i. From Table 9 it is clear thaz significant trends existed between
temperature and all forms of performance when the duration of e•cposure
to the experimental temperatures was at its maximum. So.me measures
of performance were more sensitive to temperature th&n others. Thus
pressure tracking was significantly related to temperature at all 4

TABLE 9
SIGN iFTCANCm, Or AEUATI(I6 W•EN FtMfh%

MSIENBNT iTEXEA
Duratiom of towmnt Pressure

Lupeure KLnuthatLtc-A.L. Ka•suthbtic-C.E. lactilh Hand Grip Trocking Trackinq
1 0.29 0.53 1.47 -0.14 2.4r' 3,7400
2 0.02 1.34 3.32" -1.45 1.E0 2.95""
3 1.923 1.67 4.1S'" -1.W 1.66 3,90"
4 2.60" 2.fl" 4.51"" -2.50"" 2.216" 2.770"

"Given La term of 'V. o=U-cated by Jonrkberss nmethd (23).
"VaLues sip•ificast at the A level d naf"tfiemo or better.
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TABU. 10

COWfRLATI1NSO 1r1 IC'IN IASIM.ETS a PIFCTMAIKC
AND AMIENT .NAKRA7•Th

[Nratthm of movmeut Proasuro
Dpa ul mtantbtc-A.E, KLantewthtic-CXr. TeotiLs, HaS Grip -Treehw, Troctim;

"I -0.0) -0.0S -0.14 -0.00 -0.2P -0.30'"
2 -0.002 -0.13 *0.3" *0.14 -0.24 -0.310"
3 "0, if 0.16 -0.40" 40.i4 -0. 22 0& $3"
4 0.22" "0.271' -0.43" '0.231 *0.32 "00'

'The sigls of the correlations tdk•mtw ispLrmulti in mrlvuutawum sith Ew La
'eul~rl tw•rl."Yuin, Ti4iqiout t the st4 jewel of cmf AdWo* ot bettr.

durations of exposure and tactile sensitivity at all hut the shortest du-
ration. The magnitudes of theae relations are shown in Table 10 where
they are expressed in terms of the rank Conci|•ion coefficient "Tau."

Not only is it important to know that sirifict•t relato•o did
exist betwoen temperature and -ertormaince, it is alto essential to
understand the form which these relations took. Iansction of Figures
10, 11, and 15 indicates that for both measuzes of kinesthetic senat-
tivuty and for pressure trackng, peuformatc. was progressively im-
paired as temperature docreased below +20 C, but that no significant
effects-of temperature appeared above this level. The other perform-
ances seem to have been affected somewhat tfferently. Aswith kines.
thettc sensitivity and pressure trackirg, t•pairment of performance
increased at the cold end of the tsmnperatuut scale. bus impairmeat also
began to appear at the high temperature end. f these relations were
truly curvilinear they would have to be analy•ed in terms of different
statistics than those reported above. Table 11 contrasts the appropriate
"Tau" coefficients from Table 10 with cor-elstion ratio. without bias,
"Epsilon. " (26) calculated u.ing the same raw da. Epsilon, which

TABLE 11

CCARLATIO"' (T and () R ELATIO WTU •C•I[WTAL TEMATWMU AND
pgMaa W TACTILE SNStTlV•"tT. 4W (alp IN•.ICDG TRIEr

Tactile Maemat
Durat i o f ci 'iLL'Gri Troc, kLt

Exposure ?s = 7 _S - - -a. -
1 0.14 0.21 0.0o 0.1 0.215" 0.54*"
2 0.31" 0.52" 0.14 0.1 0.24 0.55"
3 0.40" 0.58" 0.16 0.34"" 0.22 0.7f'
4 0.432' 0.6200 0.33000.44" 0.32"0 0.53"0

*11tboda for competing Ir cad f *ere those .. gypted by Jasckbbere (21)
and Kelley (21). resuectively.

"Ccersls•tLoa signlficnmt at the 5% level of monfidence or better.
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takes into consideration the curvilinearity of the relations, indicates
significant association between temperature and mov6ment tracking
which did not appear in the earlier analysis. Where relations are
significant in Table 11 the magnitudes of the correlation ratios are also
substantially higher than were the tau coefficients.

Tab)e 12 surmariues the temperature ranges over which the

various performances were most effective. It will seen that tactile
sensitivity was most seceptible to variations in ambient temperature,
signs of impairment appearing at experimental temperatures on both

sides of an optimal point at +300 C. This conforms with other infor -
mation to be reported later which indicates that tactile sensitivity was
impaired after short exposures to the experimental temperatures and
also recovered rapidly under the control tmpcrature conditions. The
other performances showed no uigns of docrsment over eaitige* ýf ZC0
in the experimental temperatures. Measures of kinesthstic sensitivity
and of pressure tracking were not impaired betweianr +0 0 and W4 C,

although they were affected at the lowest experimental temperatur*e
and might have been at temperatures higher than those to which subjects
in the present study were exposed. Measures of hand grip and movement

tracking were at their best over the range +10, to +30 C, ohowing

decrejnents as the experimental temperatures increased or decreased
beycýr,. these leve Is.

TABLE 12

TEUJ.AT'IE RANGES Or L7TZ.CT V PJRFO5MCE

In, sithat xc Average Error 20"' 40o | 104.
,i-ns,,thetic Constant Error 200 - 400 gO *1S4
Toaotile "Q0 360
Hand Grip 10 • 30* 50* - 8'0

laeemat Trackinq 100 -300 so0 .* 6g

Pressure Tracking 200 400 Sao . 104r

B. Relattions between Performance and Duration of Exposure to

Experi~mental Temperatures

It is a reasonable hypothesis that, if exposure to a particutar

ambient temperature does affect performance, this effect will become

more pronounced as the length of the exposure increases. This re-

lation need not be linear and it may hold only within limits, e.g., until

al seyinptote in performance is reached. Examination of Figure 10

supports this prediction. For the 2 lowest temperatures kinesthetic
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sensitivity, as measured by the mean average error, decreases system-
atically as duration of exposure increases. This is seen clearly from
the rank orders of points on the 4 curves, which go from smallest aver-
age error at Point I to largest average error at Point 4. For the 4
other temperatures the rank orders are scrambled, suggeiting a lack
of relations between length.of exposure and performance. Similar
examinations of Figures 11 to 15, inclusive, suggest that, with the ex-
tcptifr. of movement and pressure tracking, duration of exposure to
certain temperatures is related to the magnitude nf the decrement in
performance

In order to determine how significant these relations were, the
data were aralyzed using Jonckheere's (24) method, The results are
shown in Table 13, there aft asterisk has beer. placed by all values
wijnifnna t m e at levtl of CO•afldaaCg or Le(ier, These results support
the impressions gained from examination of Figures 10 to 15, inclusive,
and emphasize t-main points, First, with the limits of the present re-
search, neither movemen nor pressure trackifg is a•ected in any
systematic way by the length of time subjects ate exposedl to ambient
temperatures ranging from -100 to +40D C, Second, at low temper-
atures kinesthetic and tactUe sensitivity and strength of hand grip are
affected detrimentally, decrements in performance being positively

sIGNTrTcAwmse Or ftEATIO?5 ItTVrEtN IWIRKAIU AMND AThATT
Or EXPWOURE TO CXmDENTAIL TEW1ATUMs .

Teep. t. KLWathetic-A.L. Kaesthtwi-C.L. Tactile HImd Crsp Trackisq Trachkq

"40 -2.84" .0.61 10.29 *2.0S0 -0.70 '0.70

430 #0. ' 0.f9 '2.25" -0.41 '0.42 '0.42

'20 -0.4, "0.26 -*.66 +0. *0.14 -1.26

"ID -0.65 -0.29 11.27 -0.45 -0.* 9 -0.4;

J. + .42*° *2.84" * 3.23"' -2.00- 4.5,
-JO '2.2$" +'2.0?" •J ,62 ' "64,56l flU '070.T

'Givena term of 'a' cakulttd bf Jmekherr's mthd (24).
"*Walm e*quiflvnt at the 5% level of roalm=m or better
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related to duration of exposure. There also is some evidence that
a similar relation holds for strength of hand grip at high temper-

ature.

C. Recovery from Exposure to Different Ambient Temperatures

The experimental procedure included 2 cycles of measure-
ments following return of the subjects to the control room. This
was planned in order to obtain some information regarding re-
covery from the effects of exposure to the different experimental
temperatures. Mean performances during the final experimental
and the 3 recovery trials are presented in Table 14. The final
column of this table shows the overall recovery in ter-ns of
differences between performances on the final experimental and
second recovery trials.

The general trend of the results are in the expected di-
rections and 3 main points can be emphasised. First, since re-
covery implies a previous impairment it would be predicted that
the most pronounced evidence of recovery would be foernd at the
2 lowest temperatures, which have already been shown to pro-
duce the greatest impairment tn all the performances studied. In-
spection of the final column ia Table 14 gives general support to'
this expectation. In this column a negative value indicates an im-
provement in performance, except for hand grip in which improve.-

ment is represented by positive values. Perhaps the clearest
illustration of this general trend, is to be found in the came of tactile
sensitivity. Here there is no apparent improvement at the first 4
temperatures, but the evidence for improvement is statistically
significant at better than the 5% level of confidence for groups pre-
viously exposed to 00 and -100 C. Further examination of Table
14 reveals a second major point. Performance of hand grip and
movement tracking show improvement occurring in groups pre-
viously exposed to high as well as low temperatures. Again this
is what we would expect since both these types of performance
were shown in preceding sections to be. impaired at both ends of

the temperature range used in this study. A third main point
concerns the final level cf recovery attained under the present con-
ditions. In no case except tactile sensitivity was the recovery

period sufficiently long for impairment following exposure to the
extreme temperatures to disappear completely. It will be re-
membered that tactile sensitivity was affcRted after relatively' short

exposures to the experimental temperatures. The evidence now

suggests that this sense modality also recovered very rapidly.
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TABLE .4

PFfCArMA•N= (14 COW"POL, FINAL EXPERIMENTAL CN REC•VERY TAIALS

1. Kinesthetic ({nraq. Error)

Diff erence,

Lth. -4. R. N SiusC

+40 ,62 94.3 9.3 1.06
*30 lAO 9.72 7." -1.92
?00 11.01 13.07 10.71 4.31

a11.4 11.33 9.71 -1..7
0 14.63 11.19 12.72 -1.91

-10 16.77 13.72 12.30 -4,47

2. taie•hethiC (Constant •trori

"40 5.42 $.to 5.07 -0.35
3 . ?.37 6.07 6.01 .1.39
2.0 9.23 11.So 6.39 *2.34

*10 9.93 2.43 6.62 -3.11
0 13.74 101.0 10.72 -1.02

-10 11.07 9.45 9.7S -6.32

*40 1.13 1.13 1.11 0,04

40 1.32 1.21 13.2 0.00

0 .11., 1.14 '0.2 1-10 11?6 1.21 1.23 '(s.52

4. M19 4 rA D
440 46.90 10.19 50.44 3.04

30 52.4t 51.71 52.%3 0.12
420 S0. SO.62 S1.77 1.46*10 $2.04 S3.13: 5I.0• -0.41

0 43.41 43.77 45.79 3l.31

-10 40.0 41.31 49.27 6.15
S. Kovennut Trackimg

+40 33.33 33.50 23.67 -3
t'qft Ip,n Iq- 19 2."
"20 24.50 21.33 20.67 -3.61
*10 32.33 63. )C0 3 ,.st .,1

0 39.$0 41.50 32. -6.67
.10 106.00 106.0. .7.6? - 3.33

6. Prtsjure Tracking

+40 43.5.0 356 2.63 -0.67
30 44.S0 C40 .", -3.63

'1" 39.00 66.50 26.17 -2.83
110 46.863 2.33 66.13 11.00

0 56.50 55.17 54.33 -2.17
""* 63.6 135.63 74.83 "14.00

"9leqstive values indicate Isproveenatia :erf r!mace. except for
h-ed qrip in which isaprovembt is reprOesentj. I.v positive vasUes

D. Roelations between Skin Temperature and Ambient Temperature

Figures 16, 17, 18, 19, ZO, and Z. show the changes in mean
skin temperatures of the various groups during the course of the con-
trol, experimental, and recovery phases of the research. The main
features of these rurves may be described am follows.
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1. Temperature of Fingers

Skin temperature remained at a constant level of 330 to
340 C during the control series. Changes in skin temperatures appeared

in the first measurements following exposure to the various experimental
temperatures. These changes were most striking in subjects exposed
to the temperatures +200 C and below. Skin temperature dropped more
rapidly and reached a lower terminal point the colder the ambient
temperature. At -10n and 00 C the drops were rapid initially and then
tended to level off at about 8o and 140 C, respectively. Skin tempera-
tures during the recovery series rose rapidly at first and leveled off
as the temperatures of the control series were approached. The maxi-
mum level reached during the 36 minutes of the recovery series was
a function •f the ambient temperatere to which the subjects had beeti
exposed, higher levels of recovery being associated with highsr am.
bient temperaturtes. Skin tomparatures at t300 C changed realtively
little, but at 4400 C they showed a. rise which dropued toward the leveils
of the control series daring recovery. Thus, as would be predicted.
the magnitudes of changes in skin temperature during both the e"peri-
mental and recovery series are shown to have been functions of the
duration of exposure to the. respective ambient temperatures.

Figure 22 shows the relations between the experimental
temperatures to which the subjects were exposed and the tiual levels
of skin temperature. It is apparent that a high relation existed be-
tween the two. This is. cordirmed by the results of statistical analyses
surrnariaed in Table 15, where the Tau correlations for the preferred
and non-preferred hands are shown to be Q. 9b and 0.92, respectively.
Such high correlations facilitate the general analysis of the experimental
data, forthey indicate that relations between measures of the various
performances and skin temperature were similar to those between the
performances and ambient temperature as described above.

2. Temperature of Forearm

The temperatures recorded by thermocouples attached
to the dorsal and ventral surfaces of the forearm showed similar
changes, but of much less magnitude, despite the fact that this part
of the body was covered with protectivo clothing. The Ta&4 correlations
between ambient temperature and final skin temperature readings as
shownin Tabl I5 INre 0.83 and 0. 87 for the dorsal and ventral surfaces,
r espor•)v~eiy.. Tha•e correlations indicate highly significant trends in
the 4irecth,'n of dfcreaeing skin temperatures with decreasing ambient
m'mperatures.

48



RELATIONS BETWEEN AMBIENT AND SKIN
TEMPERATURES (FINAL READINGS)

40

so5

150

i--- PREFERRED HAND
* a-2 NON-PREFERRIED HAND

3-s3 DORSAL FOREARM
44VEN4TRAL FOREARM

-10 0 tIC +20 +50 +40

AMUNEFT TEMP. GC

FPig. ZZ. Relation between amnbioat and akin temnpontubes
(ftnal reading&).

SJ-EIFICAMCa rF RSLATIIHS WTMN %01Mn

NomI t Ian 01

FItIensod b~s :10" 10.T40h
%cm-preIttro LOWt 1992 !ý.v
:?"Sal fro (wea 0.f

.nirCl- Jorniw 117s .6 0.2V

Th.." fluos ate cimi wery hioiy .aidantfcm. Thb hoe. bows rakea12to us-a; iavkflwrn.#

4?



One feature of the forearm temperatures which deserves
particular emphasis was the tendency for the venttal surface to change
temperature more rapidly than the dorsal surface as duratinn of ex-
posure to the more extreme ambient temperatures increased. This
tendency is apparent from an inspection of Figures 16, 19, 20, and 31,
but it shows up more clearly in Table 16, which presents ,ank corre-
lations between the differences in forearm temperatures and duration
of exposure. The high correlations obtained at +400, +100, 0°, and
- 100 indicate that the magnitude of the differences increased consistently
as length of exposure to these ambient temperatures increased.

TABLE 1C
C(RMIELATIO9•6 •.11IEN DIPFhE IN rE M SUiN summ ATIM
AJO DURATION QO r•I7t•J TO FXPRMIWNTAL AMhIENT 1TiFnIM

G Arbioe t

P "40 -O.S' r
MI f P2 430 40.24

M3 # p3 +k0 +0.39
1441 P* i tQ.fl
MS + Ps 0 +0.94

146 I Ps .101.2
"Computed by ronk-ddflerenc e thad.
" At this ambient teuperature the forearm versed with iacreasiq
exposuvr; i. all other instainoe, it cooled.

E. Effects of Contact with Metal Control Surfaces on Skin Temper-
ature

During the present experiment great care was taken to prevent
both of a subject's hands from contacting surfaces which might affect
skin temperature. The only exception to this rule was a deliberate one
and occurred during the time in each cycle of measurements when the
subject was performing at. the tracking task. During each of these 5-
minute periods he grasped a brass knob at the top of the control column
with the fingers of his preferred hand, the non-preferred hand not con-
tacting any surface. Separate knobs were used for the experimental
and control rooms and were kept in those rooms during the !ntire period
of experimentation with the different temperature groups. TI.e actual
temperatures of these knobs determined at the beginning and end of
each dyt' opezations in the 2 rooms, are summarized in Table 17.
The only knob temperature above normal body temperature was the
one used during the experimental phase of the research by the groups
exposed to an ambient temperature of 4400 C. During the experimental
series at this ambient temperature the knob temperature decreased by
one degree and at all other temperatures it increased from 4 to 6
degrees.
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TAK] 17

KIMs TDC~RMTURtS' AT VE &2C1NW2IG AM E10
Cr •PX¶INENTAL AND ftZCOTRY PMSCS

C£ilawnto Pjh.m Ri cot ert MONO
AWhi0%t Ashiest

Tos1~~~~~~CT bumia fr s.O tatus M
* PA 1 40 *39 433 '24 '•1 -20

M2 * P2 '30 320 .32 12$ 427 I'l1
M? Pi "20 '21 '25 24 '21 21
f4 * P4 '10 '12 'if 422 -21 '24
S * P 0 - 4 9 '23 V2 1 '2

wI + ., -0 * 4 * 1 -3 is Q23

'$T m"areat 4091r

With these faets in mind it i-worthwhile to look--atam &t
Iitt & to ?I, 1WoelWtoiVU wlnr w1h0w W1r~ twwPrrwttn4,ri qviitg O1w

control, expe•irnental and recovery phases of the research for the 6

cordeAd immediaiely feliwti4 toanpletica ofl *rforra.r-..cof the track-
ing task. Inspection of the curves for the Z lowest temperature groups
clearly shows that contact with the torasa control ko4b h" a Systematic
effect on the skin temperature of the preferred as compared with the
non-preferred hand. In all instances skin temperature of the*former
was lower than that of the latter immediately after the knob was re-
leased. This lowering of skin temperature was amy followed by a
marked re-warming, of the preferred band and then a cooling until the

-next re-warming took place. This systematic cycle of events did not
occur at temperatures of +100 C and above, where the skin temper-
ature of the preferred hand was fairly consisteaoly above that oi the
non-preferred. These are phenomena which may well have implications
for the design of equipment to be used at low environmental tempera-
tureo.

V. DISCUSSION

When we tpeah of "efficiency" in military or industrial operations
we usually mean the efficiency of a man-machine syste.Am. even though
the machine in many cases may be a very simple one. Such combinations
operate in environments which.may anfert man's performance and thus
the efficiency of an entire system. The present research was designed
to study the effects of changes predominantly in one major environmental
"•ariable, ambient temperature, on certain types of human performance.
It would appear worthwhile to discuss the results of the research in
tern's of their implications for human performance and machine design.
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A. Human Performancet

A report (19) from the Armored Medical Research Laboratory,
referred to earlier in this paper, contains the very significant state-
ment that .20) F with zero wind velocity ".... was considered to be the
lowest temperature at which both the personnel and the vehicular equip-
ment of the Armored Command would be able to function without the
occurrence of serious breakdowns. " These atmospheric conditions are
not nearly as extreme as those which could be expected during the
course of extended sub-arctic operations. Regardless of its precision,
the statement points clearly to the linitations which environmental
tonditions may place upon the efficiency of man-machine systems used
by the military services. The discussion which follows attempts to
examine the resulte of the present research from the point of view of
how expasure, to high "iw 10w smwhirnv temperatures may affrct thi' Laman,
element in such systems,

I. Tactile Se4izithy

Many of the skills which military personnel are required
to perform depend-upon good tactile sensitivity in the fingers and any
interference with this sensitivity may result in impai•ment of per-
frmance. Previous research (32, '33, 2) has boon confirmed by re-
sults of the present study in showing that, as ambient and skin temper-
atures decrease, tactile sensitivity also decreases.. It would be ex-
pected that such decrements would he associated with impairment in
the performance of task# involving the use of sensory input from the
fingers and, indfs*d, such relationships have been reported. The con-
ventional approach to maintaining normal skin temperature of the
hands during exposure to cold has been the use of protective covering
in the form of gloves or mittens, but such covering itself interferes
with tactile sensitivity and perfo;mmarcs (16). Some of this impairment
can be overcome by practicing with mittened or gloved hands the skills
that may eventually have to be performed in the cold (18), However,
the problem is still not solved for there is evidence that "the best glove
combinations now available.., are not capable of either heeping the
hands warm or maintaining their functional efficiency" (19). We must
look for some other technique for preventing this impairment oM per-
formance, a search perhaps better discussed under matters of machine
design.

Previous research hapi been concerned with the effects of
cold on tactile sensitivity, but results of the present research suggest
that impairment of sensitivity also occurs under the influences of high

52



temperatures. In fact, the temperature range for maximum tactile
sensitivity appears to be a particularly narrow one. This phenomenon
A high-temperature decrement needs further investigation before any
more definite *tatemreale can be made about its characteristics.

Z. Kinesthetic Senuitivity

Basic to man's performance of many skilled activities is
his kinesthetic sensitivity. The results of recent research (17) imply
"...that skilled movements are continuously regulated by using kines-
thetic data which are gentrated by the limb in motion and are continu-
ously fed back to the higher motor centres." Any interference with
this feedback would be expected to result in decrements in performance.
It cannot be contendet tha* the technique used in the preteM investigation
for measurina kinesthetic senattivitv izvolved that modallty awN.v 1ýruz
(50). from whom the technique was borrowed, refers to it &a involving
"ttctuel-kinesthetic" cues. A-rcptingto.is "coraarniaation" Ii,auei it
is apparent from the results reported above tha the mnataursa of
":kinesthetic" sensitivity in the present investigation were related to
varlations In ambiwet temperature in quite a differen way than were
measures of tactile sensitivity. Kinesthetic sensitivity was affectod only
at the low temperatures and then after longer exposures than were re-
quired to produce impairment in tactile performance.

The praseet results are of interest even if we prefer to
consider them as providing information about skill in the setting of
knob controls rather than about kinesthetic sensitivity. Many military
skills, such as tuning a radio, adjusting the various controls on a radar,
focuring a camerra. nd adjusting a rangefinder setting, require the
accurate setting of knob controls. The present results chow that such
skills may be affected by exposure to cold and that signs of the resulting
impairment, both in average and const^nt errors, begin at temperatures
below +Z00 C.

3. Strength of Had Grip

Good manual dexterity and accurate finger movements are
also required in the efficient performance of many skills which military
personnel must possess. "Cold tlffness" is a very familiar phenomenon,
characteris4',l by an impairment of these 2 capacities. Joint temperatures,
on exposure to low ambient temperatures, fall significautly, even to a
greater extent than muscle, rectal or average skin terperawures. More
recently research (22) has demonstrated that the maximum speed of
joint movements decreases on exposure to cold. 'heoretically per-
formtnce of a skill, which imposes a load transmitted through the join&
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or on its sliding surfaces, intensifies the decrement. Study of the viscous
properties of synovial fluidbathing a Joint has shown 'n increase of viscosity
for adefinite fall in temper attre and has led to the conclusion that "the
characteristics of synovial fluid are sufficient to account for increasb-
forces required to move a Joint, for loss in speed of movement and
decrement in maximum strength exerted on exposure to cold" (22). The
systematic measurement of strength of hand grip in the present study
has added information to this general picture. The results support pre-
vious findings that performance decrements occlur on exposure to cold.
They show that decrements are greater the lower the temperature and
that signs of impairment appear at temperatures below +10o C. They
also indicate that impairment occurs at high temperatures, at temper-
atures above +300 C. Whether these effects of heat can be accounted for
in terms ok viscosity changes of the synovial fluid or whether some other
mochanism must be involvedo ee matters for furthor research.

4. Tracking Sill

The controls ueed in the tracking tasks were only two of
several posesble types. Operation of the movement control involved dis-
placement of the control column and,. hence, isotonic muscular contractions.
On the other hand, the pressurs control involved very little displacement
thus emphasising muscular contractions of an isometric nature. Gibbs
(17), using another type of pressure control in which".., the controlled
contractions of muscle were virtually isometric, " has compared move-
ment and pressure controls under ordinary temperature conditions. He
has reported that '1... the pressure control was definitely better when
making both discrete and continuous responses, learning was easier,
anddifferential transfer effects appear which also favored this pressure
control." Although the type of pressure control used in the present re-
search was not as effective as that used by Gibbs, there still is evidence
which suggest that pressure controls may have general advantages when
a machine may be operated under bolh hot and cold conditions. The.
effective temperature ranges for both movement and pressure ttacking
covered approximately 200 C, but movement tracking showed signs of
impairment at both ends of the temperature range used in the present
study while pressure tracking appeared to be affected only at the low
end. It is obvious that these results have practical implications for
machine design and should be investigated further.

5. Skits Temperature

As would be predicted the correlations between skin tempet-
atures of the hands end the ambient temperatures to which the hands
were exposed were found to be very high. Skin temperature was also
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highly related to the di'ration of exposure. These results are consistent
with observations of other investigators (Z, 32. 58, and 59). On the
basis of these results we would expect to find that relations between
measures of the various perforrrmances and skin temperature were mimi-
lar to those between the performances and ambient temperature, an ex-
pectation which is supported by examination of the research data.

Two other general observations arising 'from the measure-
ments of skin temperature deserve particular attention. The first con-'
cerns the effects of contact' with metal control surfaces on skin temper-
ature. Measurements during the present investigation revealed a re-
current cycle of skin temperature changes during exposure it the 2 lowest
ambient temperatures. Immediately after subjects had released their
grasp on brass control knob following a 5-minute trackinrperiMd-the
skin temperature of the preferred hand, us"d in the peuforzuaca. was
lower than that of the non-prefetrred or "control" hand. This lowering
of skin temperature was always foLloued by a markted re-warming of
the preferred hand and then a cooling until the next re-warming took
place. The mevhaniam of this re-warming would seem to be centered
in what has been referred to as "aold-ind'uced va.odilation" {7. 8).
Periodically recurriatg vasodilation has been demonstrated in fingers
exposed to cold ambient temperatures both when the body as a whole is
chilled or warm as in the present research. The amount of local cool-
ing needed to evoke the response has been shown to be less the warmer
the body. It ih hypothesized (7) that this vascular phenomenon is de -
pendent upon "... .he activation of a local sensory axon reflex," The
existence of relations between these cyclic vasodilations and certain
sensory events has been indicated by research results showing that
sensations of Increasing cold and pain from fingers exposed to cold air
were "spontaneously relived" with the occurrence of each vasodilation
wave, It the present investigation it would appear that the increased
loss of heat when subjects were grasping cold 'control surfaces served
to trigger off a vasodilation wave. This cycle of events occurred only
at the 2 lowest experimental temperatures where the loss of heat to
the control surfaces would be fxpected to be greatest. It did not occur
at aunbiernt temperatures of +100 C and above.

The differences between temperatures recorded from
thermocouples on the ventral and dorsal surfaces of the forearm also
are of interest. There was a consistent tendency for the ventral sarface
to change temperature more rapidly than the dorsal surface as duration
of exposure to the more extreme ambient temperatures increased. This
tendency was clearly apparent despite the fact that the forearm was
covered by protective clothing. One possible explanation fos this
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differential. cooling lies in the diqtribution of the venous return from the
exposed hand. The veins of the upper arm are divided into 2 sets (2.),
"superficial" and "deep" which anastarnose freely with each other. Most
of the blood which supplies the upper limb is returned by the superficial
veins, the deep veins being small and inconspicuous. There are - main
superficial veins on the upper limb, all lyin; immediately under the
skin in the superficial fascia. The cephalic antebrachial vein collects
from the radial part of the dorsal venous network of the hand and
crosses to the enterior or ventral surface of the forearm. The basilic
antebrtchial vein arises from the uisnar part of the dorsal venous not-
work of the hand, runs up for some distance on the posterior or dorsal
surface of the ulnar side of the forearm, and inclines to the ventral
surface below the elbow. The median antebrachial vein draws the
venous plexus on tie palmar side of the hand, ascends nn the front of the
forearm and ends in the basilie or median eubiral %'ein. The position of
the ventral thermocouple in measuring forearm skin temperature was
approximately half-way up the anterior surface on a spot between the
cephalic and median antebrachial veins. The dorsal therwrocouple was
on a spot at some distance from the basilic antebrachtal v( .n. It might
be expected that the venous return from the cooling hand would affect
skin temperature more rapidly at points where the superficial venous
system is more dense, i. e,, at points underlying the ventral thermo-
couple. This hypothesis is entirely consistent with the results obtained
in the present study.

6. "Mechanism*" Underlying Impairment

Three of the performances studied in the present investi-
gation showed impairment at ,th the cold and hot ends of the experi-
mental temperature range. .,uuailar results have been obtained in other
studies. In general, performance appears to drop off more significantly
at cold than at hot temperatures (52, 53), but the manifestations of the
decrements that do occur are similar. It seems importaht to emphasize,
however, that this does not mean that the "mechanisms". underlying im-
pairment at both extremes are the same. As was pointed out in the in-
troduction to this report, the basis upon which ambient temperature
exerts its effects on performance may, logically, involve peripheral
sensory or motor changes, central perceptual changes, or some com-
bination oa these.

B. Machine Design

1t is possible to overcome some of these limitations imposed
upon human performance by environmental conditions providing that
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preoise information is available regarding the nature of the limitations
and that this information is used by those concerned with the debign of
machines and equipment. Some of 4hese possibilities have been referred
to already, but two general points deserve further emphasis.

Before discussing these two points it will be well to make one
further comment on the temperature ranges for efficient performance
as they have been presented earlier in this report. It will be remembered
that these ranges were limited by the first signs of deterioration in per-
formance. For practical purposes of machine design they might be de-
fined differently, e. g.. in terms of a temperatnre and duration of ex-
posure necessary to produce a certain per cent decrement in performance.
The limits as optated earlier are, in a sense, ideals which would have
to be re-assesed in tsritsJ of the technical difficulties in achieving them.
It ehetfld aiscbe emphasized her0•e 1 t thor environmental factors, et. .
air velocity, humidity, and radiant heat, operate with ambient tempera-
ture to produce the total effects in any particular situation. The final
information needed for --tachine design should incorporate dida on these
totlw effects.

1. Maintenance of Adequate Temperature Levels

Designing machines and equipment to maintain adsqate
temperature levels can begin only when the temperature ranges of
efficient performance are known for the various types of skills which
military personnel are required to perform. With such information
available two general approaches to solving the problem may be tw-ied.
The first involves the design of protective clothinb which will main-
tain temperature within the critical range for as long a duration as
possible and yet will interfere as little as possible with the sensory
and motor requirements for efficient performance. This suggests a
2-phase testing program for protective clothWii: first, tests for effects
on basic skills under temperature conditions which produce little or no
impairment of performance without the clothing and, second, similar
teste under more extreme temperature conditions. These tests should
examine the possibility that training while wearing protective clothing
may significantly reduce the adverse effects caused by the clothing.

The second general approach to solving the problem of
maintaining adequate temperature level. involves- the design ,of machines
on which man will be operating. One obvious possibility lies in con-
trolling the tempera.ure of the work space, but this sreates very serious
technical difficulties particularly when the space is not fixed but: must
be moved frequently. For instances diacussions with design englineers
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have indicated the tremendous difficulties involved in attempting eo Lin-
sulate and heat the Interior of a tank to meet the needs of operations in
sub-arctic climates, without changing its silhouette and increasing very
significantly its production costs. It appears that the possibility of
controlling the temperature of the work space deserves much mure care-
ful consideration, Another possible approach to maintaining adequate
temperature levels is suggested by the results of the present study and
by previous research. For example, one study (6) of the efficiency of

Signal Corps operators in extreme cold, conducted at the USAMRL,
reported that "Part of the effect of cold on efficiency is related to the
discomfort produced, even through mittens, by contact with the cold
metal control handle." Instead of attempting to heat or case the entire

work spaco it would appear well worthwhile to investigate more completely
the feasibility of controllir4 tiemperatures of surfaces which the operator
will be required to contact in performing his skills.

2, 9"Ien-tion a4 Control and Dioplay Systems to Minimise
I amperature Effects

The results of the present study, particularly when con-
sidered in the light of information available concerning differences in
performance with various types of control and display systems, suggest
that certain systems may have significant advantages over others for
operations under extreme temperature conditions. For example, in
addition to having other advantages (17), pressure control appears to
be less aflected than free movement control over a wider rangelof ambient
temperatures. Further research on performance under extreme en-
vironmental conditions using various control and display systems may
provide information of considerable value in selecting a system to meet
particular operational requirements.

VI. SUMMARY AND CONCLUSIONS

There Tnuw has accumulated sufficient information to indicate that man's
performance may be affected very significantlyby the atmospheric condi-
tions of the environment in which he operates. Variations in temperature
both above and below an optimal range may impair his efficiency in "mental"
as well as physical work. Certain components of a skill may be affected
before others. The extent of the effects may be influenced by the level
of the operator's skill, by the level of incentive under which he is per-
forming and by his previous acclimatization to his work environment. These
are matters of considerable practical importance in industry and, even to
a greater extent, in the military survices where man may be required
to operate under the most extreme environmental conditions.
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In order to insure that man can be prepared to perform as efficiently
as possible and that the machines he must operate are designed to maxi-
mize his efficiency, it is necessary to examine by system&.tic research
a wide variety of relations between environmental ccnditions and differ-
ent types of performance. Although some information is already availa-
ble, much further research needs to be carried out. The present stady
was designed to.obtain information regarding the effects of ambient
temperatures ranging from -100 to 44f0 C on five different measures
of human performance: skill in using movemezat and pressure tracking
controls, tactile and kinesthetic sensitivity, and strength of hand grip.
The 2 types of tracking controls have wide military and industrilava
plications and the other 3 performances are basic to the operation of a
great number of machine systems. Systematic records were also kept
of the skin temperature of-the fingers and foreeurm-under--cetrol etd

axpr~aanrcond'tios.

Tha rcscarcb desir. requ.irsd the n" W12 groips of 6 ibme
each. The groups were divided into X sits of 6, one set using-moVemen.
and the other pressure controls throughout their tracking performance.
All 1Z groups were required to perform the v&rious tsks in a series
of "cycleb" during which performances were meaured in the following
order: kinesthetic sensitivity, tactile sensitivity, hand grip and tracking.
Two subjects from the same group were observed during a day's experi-
mental session. The morning began with general instructions regarding
the nature of the day's work, followed by 4 cycles of measurements.
Exploratory studies had indicated thb such preliminary tratn*M was
sufficient to eliminate practice effects as significant variables during
the experiment proper. The latter began in the early afternoon with
one cycle of "contrel" measurements. This was followed by 4 cycles
of "experimental" measurements made at one of 6 anmbient temperatures.
This was the only phase of the research in which the 6 groups of each
set were given differenttreatments, otherwise they were all net'.t...ted
to the same experimental conditions. One group in each set •re• esed
during this phase to each of the following ambient temperatures: +409.
+300, +-ZOO, +100, 00, and -I0. Imnediatelyfollowingthe experimental
series the subjects completed Z further cycles under the same ambient
temperature conditions as during the control measurements. This final
phase of the research provided information on recovery from exposure
to the experimental temperatures.

Seventy-two enlisted men in the United States Army served as
subjects. They were assigned to particular groups required by the
research design purely on the basis of what experimental conditions
had been set up in the laboratory for the day on which they reported for
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work. Analysis of variance using measures recorded during the
control series as indicative of pre-experimental levels of per-
formance indicate that the groups did not differ in their initial
performance and, therefore, inter-group comparisons are justi-
fied.

The techniques for controlling ambient temperature and humidity
in the research rooms and for measuring the 5 different types of per-
formance have been described in detail in the main body of this report
and will not be repeated here. All except the techniques for measuring
the tracking skills hid been used by other research workers, but still
their reliabilities under the present operating conditions were examined
and found to be satisfactory. Skin temperatures wete recorded using
a Brown potentiometer and copper -constantath thermocouples.

The following results were obtined:

A. Temperature Ranges of Effective Performance

1. Certain performances, i. e.. kinesthetic sensitivity, both
average and constant errors, and pressure tracking, were significantly
impaired at the low end of the temperature range but not at tho high
end. The other performances, i. e. , tactile sensitivity, hand grip, and
movement tracking, showed decrements at both ends, impairment being
greater at the low than at the high.

Z. Tactile sensitivity was most susceptible to varxations in
experimental temperatures, being impaired by changes on both sides
of an optimal point at +3 0O C.

3. Measures of hand grip and movement tracking showed
decrements as the experimental tomperatures increased or decreased
beyond the rw'.ge +100 to +300 C.

4. Kinesthetic sensitivity and pressure tracking showed no
effects of changes of experimental temperatures within the range +200
to +400 C, but were impaired as temperatures fell below +200 C.

B. Relations between Performance and fluration of Exposure to.
ExSerimental Temperatures

I. The relations between ambient temperature and effective
performance just described were dependent upon the length of exposure
to the experimental temperatures.
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a. Movement and pressure tricking showed significant temper'-
Sture effects during the first cycle of the experimental series, i. e.,
after an exposure of approximately 14 minutes.

3. Tactile sensitivity was affected significantly during the
second cycle, i.e., after about 26 minutes enposure.

4. Strength of hand grip showed -ts first s~lgnaficant effbects
during the third cycle, approxim.ately 46 minutes alter exposure to the
experimental temperatures began.

5. Neither measure of kinesthetic rtnsitivity was affected
until the fourth cycle, i.e. , after 58-miiaates exposure.

"C. Rsecovwy from txpcetie to DiUferent Ahftbirt Temperwatures

1. - Since recovery imaplies previous impairment it wg4 -be
expected that tht most pronouvced evidence of recovery would be found
at the Z lowni exoperimental temperflures, which wera skown to be
associated with the greatest impairment in aJl the performances studied.

The results supported this expectatiin.

Z. There was evidence during the recovery period of improve.
ment in the performance of the hand grip and movement tracking tasks
for groups esxposed to both high and low ambient temperatures. Bath
these performances had shown signiicant impairment at the extreme
temperatures during the erperimvntal series of measurcments.

3. The length of the recovery period was insufficient for all
performances except tactUe sensitivity to regain their pre-experimental
levels. Tactile sensitivity was affected after relatively short exposures
to the experimental temperatures and the evidence indicates that it also
recovered very rapidly.

D. Relations between Skimn Te rature and Ambient Temperature

1. In general skin temperature of the fingers changed during
exposure to-the experimentaa temperatures, the only exception being
Group Z, at 4300 C. The most striking changes were at -100 and 00 C.
where there was rapid initial cooling of the skin. i•"ing to leveI off at
80 and 140 C. respectively, as length of exposure increased. At +400 C
the trend was in the opposite direction, skin temperature risin4 by
approximately 3 degrees at its maximiun, During the recovery series
skin temperature returned toward 330 fn 340 C, its level during the
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control seriles. At the 2 coldest temperatures the rate of recovery was
rapid at first, tending to decrease as duration, of exposure to the temper-

ature of the recovery room increased. Tau correlations between ambient
temperatures and the final skin temperature readings for the preferred
and non-preferred hands were 0.96 and 0.9Z, respectively. Such high

correlations indicate that relations between the various performances
and skin temperature were similar to those between the performances
and ambient temperature as previously reported.

2. Despite the fact that the forearm was covered by protective

clothing thermocouples .tttached to -its ventral and dorsal surfaces re-

corded sir-4 1 itA q..C .,4gee during the experimental series in all temper-

aturr. groups uxcept thare exposed to decreasing ambient temperatures.
Tau correlations betw.ee• ambient temperature and the final skin tpmper-

aturc read' -; : nf-! -~ a% ,eimtnrwi nwriv- wary 0, 5l an 0. 57. tor iLba
dorsal and ventral au-face#, respectively, One feature of the forearm

temperatures which e- 'iarves special note war the tendency at tI00. 00,
and -ilr 1o0 the nuagnis-d•e of the differences between skin temperatures
of the 2 surfaces to in rease consistently as length of exposure to tht.

experimental temporatures increased,

E. Effects of CoL;t.ct with Metal Control Surfaces on Skin Temperature

I. Exan,an•xtion of the data shows that at the 2 lowest experi-
mental ternpesrtures contact between the fingers of the preferred hand
and the brass cont:'l uLrface during performance of the tracking task
had a systematic effect on skin temperature. In all instances skin
temperatures of the preferred hand immediately after release of the
control surface were lower than temperatures of the non-preferred hand
which had been supported free of contacts with any surfaces. This
lowering of skin temperature was always followedby a marked re-warming
of the preferred haiid and then a cooling until re-warming took place.

2. This systematic cycle of events did not occur at tempera-
tures of +100 C and above, where the skin temperature of the preferred
hand was fairly consistently higher than that of the non-preferred.

These results are of interest in Z general regards. First.
they add to our knowledge concerning the effects of variations in arrblent
temperature on human performance. They support the general trends
of previous research in indicating that signs of impairment in performance
may appear when temperature varies outside rather narrow limits and
that certain characteristics of this imnpairment differ in different types
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of human performance. They show the' different sense modalities are
differentially sensitive to temperature variations in terms of the du-
rations of exposure necessary to produce signs of impairment and in
terms of the characteristics of their recovery following exposure.

Secondly, the results of the present research have pro-
vlded inforination which can be of value in the design of machines and
equipment to marnimise the efficiency with Which man-machine systems
can function under adverse atmospheric conAlitions. Eesquent:y im.
pairment in mar,'s performance constitutes the main limitation of such
systems. If steps "oe to be taken to minimise this impairment certain
basic information about its nature and characteristics is essential. The
present research has providid such informnation about certain types of
human performance. It has suggested ways in which different approaches
to maintaining adequate levels of temperature, ,g,, pr_.tecttve clthing.,
Misating the work space, locally heating control suuface, may be tested.
It also has ttdsted that same coatrzol and display syatms may bo !,Isa
more efficiently than others under extreme temperature conditions.

The present research could be co:nerned with only a few
of the many types of human performance required in military operations.
It has suggested the need for furthe, *ystematlc investigations of a
slirrilar nature. Such investigations should be designed to determine
relations between environmental conoitions and performance, including
ranges over which efficient performance c&• be expected; to study the
effects of duration of exposure nn performance: and to observe-the
characteristics of recovery from ernosure. The environmental variables
Investigated shc-ld include humidity, air velocity and radiation as well
as ambient temperature, and particular attention should be given to
the effects of interactions between Lhese variables. The performances
studied should be representative of the wide variety of skills required
of military personnel and emphasis should be placed on the effects cf
the environmental variables on perceptual as we.; ta motor aspects of
performance. Different methods for overcoming the adverse effects
of these environmental variables should be put to experimental test.
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